OBJECTIVE: To assess the effects of diet-induced obesity (DIO), on the biomechanical and biochemical properties of the femur in mature male rats. DESIGN AND SUBJECTS: Two groups of male rats were studied. The DIO experimental group was fed a high caloric diet and a 31% sucrose solution as drinking¯uid for a month, whereas the control group was fed lab chow and tap water. MEASUREMENT: Body weight; body water; lean body mass; femoral length; average cortical thickness; outer anteroposterior diameter; outer mediolateral diameter; cortex area; moment of inertia; cortical and cancellous bone hydration; tendon and muscle hydration; ash content of cortical and cancellous bone; ultimate load; de¯ection at ultimate load; ultimate strength; stiffness; elastic modulus and energy absorption capacity. RESULTS:`Gainers' (®nal body weight in excess of three standard error of mean of the controls) were 19.1% heavier, with higher body fat, whereas body water, lean body mass, hydration of cancellous bone and ash content of cortical bone were lower, when compared to controls. Rats that failed to gain weight, despite the high caloric diet, were termed`resisters' (weight gain less than three standard error of mean of the controls).
Introduction
Increased body weight and body fat have been shown to increase bone mass, higher bone mineral density and content. 1 ± 9 Additionally, increased muscle strength and greater physical ®tness may increase bone density, 10 while reduction of body mass (as in dieting) reduces bone mass. 7 Experimentally, the effect of obesity on bone parameters has been studied in female rats fed a high-fatsucrose diet (HFS) 11, 12 and in male genetically-obese faafa Zucker rats. 13 Since these two types of experimental obesity are quite disparate in their etiology, 14, 15 it is not surprising that the reported ®ndings are discordant as well. Thus, as the faafa rats were 36% heavier than their lean controls, the HFS`obese' rats weighed the same as their`lean' controls. Moreover, while the faafa rats showed reduced femur length, the HFS rats exhibited normal bone geometry (tibia length). Neither of the two groups of authors reported carcass fat data. Finally, as already alluded to, the faafa rats were male and the HFS rats were female.
We have used an established model 16, 17 of dietaryinduced obesity, produced by ad libitum consumption of junk food, in order to examine the hypothesis that long bones adapt to increased mechanical loads associated with excess body weight, produced by diet induced obesity (DIO) without primary interference with neuroendocrine and neuroautonomic systems.
Materials and methods
Approval by the animal use committee was obtained. Twentyfour 90 d old, male Sprague-Dawley rats (Harlan-Sprague-Dawley, Indianapolis, IN) were divided into two groups matched for body weight. The experimental group, which included the prospective DIO rats (407.9 AE 9 g, n 16) were given a standard pellet diet (SPD) (Rodent Chow, Teklad #7001, 24% protein),`junk food' items (marshmallows, potato chips, chocolate chip cookies and popcorn) and received a 32% sucrose solution as drinkinḡ uid. 16, 18 The control group (402.0AE 14 g, n 8) were given a SPD and tap water as drinking¯uid. Food consumption was ad libitum and the food intake was not recorded.
One month after the inception of this regimen, all rats were weighed and killed by decapitation. Predictably, only about half of our DIO rats became obese. 15, 16, 19, 20 At the time of death, the rats whose weight gain was within three standard errors of mean body weight of the controls (n 8) were termed resisters' (n 7), 20 whereas rats that attained weight over three standard errors of the mean body weight of the controls, were called`gainers' (n 9). Together, the resisters and gainers formed the experimental group.
Body and tissue compositions
Cortical bone was sampled at the mid-diaphysis and cancellous bone at the femoral condyles of the left femur for analysis of water and ash content. 11, 12 Mechanical testing was performed on the right femur. To protect from water loss, bones with the surrounding muscles were wrapped immediately in para®lm and aluminium foil, then stored at 720 C until mechanical testing was complete. Quadriceps muscle (2 Â 2 Â 3 mm) and patellar tendon were also sampled to measure water content. After the tissues were sampled, carcasses were placed into meatloaftype aluminium containers, to prevent lique®ed fat loss, and dried in a vacuum oven at 60 C until they reached a constant weight. Body or tissue hydration was determined by calculating the ratio of the difference between wet and dried carcass weight to the dry carcass weight. Body fat was extracted by petroleum ether 2 and expressed in percent of initial wet weight following the fat extraction.
Cortical and cancellous bone samples were taken from the left femur, initial weights (wet) were determined in stoppered plastic vials (to prevent water evaporation), cleaned of all soft tissue and marrow, and subsequently dried until constant weight was obtained and then ashed at 650 C for 16 h. The ash content was calculated as percent of dry weight.
Mechanical testing
The right femur of each rat was subjected to a threepoint bending test. 11, 12 Load was applied at the mid shaft, midway between two supports that were 15 mm apart. Before mechanical testing, the outer mediolateral and anteroposterior diameters of the middiaphysis were measured with a digital caliper. The femora were positioned so that bending occurred at the anteroposterior or sagittal plane. Load-displacement curves were recorded at a constant speed of 5 mmamin until failure. The ultimate load (P u ), the ultimate deformation (d u ), the bending stiffness (s u ), the energy absorption capacity (U u ), the ultimate strength (s u ), and the elastic modulus (E) were determined. The area under the curve of the load vs displacement at ultimate load, represents the energy absorption capacity. Ultimate strength was calculated from the following equation:
where M is the bending moment at ultimate load (M PLa4; P is ultimate load; L is distance between the two supporting bars); c is the distance from the centroid of the cross section to the periosteal surface (c ba2; b is the external diameter in the load direction, i.e., anteroposterior); and I is the moment of inertia. In the calculation of I, an elliptical annulus was used to approximate the transverse sections of the bone at the point of loading.
where a is the external diameter perpendicular to load direction (mediolateral), and t is the average cortical thickness. Average cortical thickness was calculated from thickness measurements made in each of the four quadrants on both sides of the fractured femoral cross sections. The cross-sectional area (A) was calculated by
The elastic modulus was calculated from the stiffness, the distance between the supporting bars in the bending and the moment of inertia.
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It is assumed that the cross-sectional area and shape of the bone is constant between the supporting bars during loading; the extent of de¯ection is small; and the composition of the bone is homogeneous. 22 
Statistical methods
One-way analysis of variance (ANOVA) was used to determine group differences (SigmaStat, Jandel scienti®c), with P`0.05 considered to be signi®cant. The Scheffe's test 23 was used to identify differences between groups for ANOVA signi®cance. A correlation (linear regression analysis, SigmaStat) between the mechanical parameters, body composition and femoral geometry, was also performed to determine the in¯uence of mechanical parameters on bone in diet-induced weight gain. In this analysis, the data on gainers and resisters were pooled, as both groups were offered the same diet. Values are presented as mean AE s.e.m.
Results

Body and tissue composition
The mean body weight of gainers was 19.1% greater (P`0.05) than that of controls, but only 4.6% greater in resisters (Table 1) . Body fat was more than four Effects of DIO on femoral biomechanics V Brahmabhatt et al times higher among gainers than controls, whereas body water and lean body mass were lower in gainers, when compared to controls. Hydration of cancellous bone was lower in both gainers and resisters, in comparison to controls, whereas hydration of cortical bone, tendon and muscle showed no difference between the various groups. However, there was less ash content of cortical bone, but not cancellous bone, in the gainers when compared to the controls and resisters (Table 1) .
Femoral geometry
Despite the 19% increase in body weight of obese cases, the mean femoral length of each group showed no difference. An increased femoral cortex thickness of 6.6% was found in gainers when compared to controls, whereas there were no differences among groups regarding their outer cortical diameters ( Table  2 ). Femoral cortical cross sectional area and moment of inertia were not different in the groups.
Mechanical properties
Ultmate load, de¯ection at the ultimate load and energy absorption capacity, were signi®cantly greater in gainers than in controls. No statistically signi®cant differences were found among groups with respect to ultimate stress and stiffness (Table 3 ). The mean elastic modulus showed no difference between the two groups.
Correlation between pairs of measured properties (Table 4a,b) Body weight, body fat, lean body mass and body water had a higher correlation coef®cient in the experimental group, than for the controls. In the experimental groups, negative relationships of body weight and body water were signi®cant for lean body mass (P`0.05). Body weight correlated positively with body fat (P`0.01).
In the experimental groups, body weight correlated positively (r 0.5, P`0.05) with energy absorption at ultimate load. Moment of inertia (I) correlated negatively with ultimate strength (r 0.62, P`0.05) and elastic modulus (r 0.6, P`0.05). Body weight did not correlate with ultimate strength and elastic modulus. Maximum outer diameter of the femur, correlated with energy absorption capacity at ultimate load (r 0.82, P`0.001) and de¯ection at ultimate load (r 0.79, P`0.001). There was a correlation (r 0.56, P`0.05) between the femoral cross sectional area and ultimate bending load and energy absorption capacity (r 0.66, P`0.21). The femoral cortical thickness measurement alone, did not correlate with any of the mechanical parameters. Fisher's least signi®cant difference (LSD) test: *P`0.05 when compared to controls. **P`0.05 when compared to resisters.
S.e.m. standard error of the mean; a g H 2 O/g dry weight; DW: dry weight.
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Discussion
Animals made obese by dietary means, lose the excess body fat when the lipogenic`junk food' is withdrawn. This resembles the obese state in humans, due to enhanced lipogenesis in otherwise endocrinologically or metabolically normal individuals. In contrast, hypothalamic and genetic obesity are both accompanied by neuro-endocrine-metabolic alterations.
As an earlier DIO study 11 used female rats, we chose to use male rats, to bypass an additional effect of estrogen on bone metabolism, morphology and biomechanics. The present data show that our method of producing higher body weight in experimental animals, was successful, as our DIO rats were 26% heavier and had four times more fat in their carcasses than chow-alone-fed controls. By contrast, the HFS fed rats used by Li et al, 11 weighed as much as their`lean' controls ten weeks after the inception of the dietary regimen. A high fat diet causes a divergent body weight response, that is, some rats gain weight and some do not. It appears from the data that either the diet was ineffectual in producing DIO or that all of the rats studied by Li et al 11 were`resisters'. Cross-sectional geometry of the femur, as represented by cortex area, outer anteroposterior diameter and outer mediolateral diameter, was higher in the DIO rats compared to the lean control rats. This is in striking contrast to the data on female HFS rats. The authors noted that`F F F a high-fat-sucrose diet (HFS) is detrimental to the normal morphology and structural properties of the various bones'. Although no insulin levels were determined in the HFS study and the present DIO rats, it is known that a high-fat-sucrose diet can produce hyperinsulinemia. 24 ± 26 Hyperinsulinemia is known to cause calciuria via inhibition of renal tubular reabsorption 27 which may explain the changes in bones. Moderately high insulin levels can stimulate osteoblasts to secrete more collagen, 28 instead of stimulating mitosis.
The femoral length in DIO rats was unchanged when compared to the lean controls, however, faafa Zucker rats had signi®cantly shorter femora than their Fisher's least signi®cant difference (LSD) test: *P`0.05 when compared to controls. **P`0.05 when compared to resisters. S.e.m. standard error of the mean. Effects of DIO on femoral biomechanics V Brahmabhatt et al lean littermates. 13 The shorter femora in the faafa rats are due to growth hormone de®ciency and low somatomedin-C levels 29 through which GH exerts its effects on bone. It should also be noted that obese children show a blunted GH response to stimuli and have impaired GH secretion during sleep. 30 No femoral growth data are available for the HFS rats, 31 but tibiae lengths were comparable to their controls. It would be assumed that the DIO and the HFS rats 31 are likely not GH-IGF-I de®cient.
The effect of obesity on bone properties may occur due to two possible mechanisms: mechanical overload and neuroendocrine-metabolic stimulus (for example, GH de®ciency and hyperinsulinemia). These mechanisms may act separately or, most likely, conjointly. Since bone growth is load-dependent, the increased body weight in the faafa Zucker and DIO rats must be considered an important factor that contributed to altered bone biomechanics. However, the HFS rats 31 showed a non-overweight type of`obesity' and this may be the reason they 31 showed a signi®cant reduction in tibial maximum load and energy-of-failureload and elastic modulus. In contrast, the DIO rats, with a higher-than-normal body weight, demonstrated signi®cantly higher ultimate load, de¯ection at ultimate load and energy absorption capacity, whereas the higher values of ultimate stress, stiffness, elastic modulus, were not statistically signi®cant. Rubin and Lanyon 32 have reported that an increased mechanical load resulted in remodeling of bone, and cortical thickness increase in tubular bone of obese adults. 1, 3, 33, 34 The increased body fat and the decreased ash content of cortical bone in DIO rats, may have led to a compensatory mechanism to produce increased cortical thickness and area. A signi®cant positive correlation has been demonstrated between body fat and total mineral content. 35 Since small variations in mineral content of bone have a greater effect on the elastic modulus, 36 it may be hypothesized that the low ash content of cortical bone in DIO rats is secondary to a relative increase in the organic matrix. The greater cortical thickness and area in the DIO rats, may have a lower density that led to the fact that some of the mechanical properties of the bone were not high enough to demonstrate statistically signi®cant differences.
Conclusion
The DIO model of overweightaobesity demonstrated an increase in body weight with adaptation changes in bone parameters. The data on mechanical parameters as well as bone geometry suggest that increased body weight, brought about by feeding a high caloric diet, may favorably affect bone mechanics.
